Magnetism / Quasicrystals / Total-energy / Icosahedral symmetry / Al--Pd--Mn Abstract. Using ab-initio density-functional methods in the generalized gradient approximation we have investigated the origin of magnetic moments on Mn atoms in icosahedral (i) Al--Pd--Mn quasicrystals. Two major mechanisms contribute to the formation of magnetic moments on Mn atoms located at special sites -loosely packed environments of the Mn atoms and the interaction of the Mn atoms with nearest-neighbor Pd atoms leading to a shift of the Mn d-band to lower binding energies and an increased partial density of states at the Fermi level. Mn--Pd nearest neighbors exist only at special sites located at intersections of the pseudo-Mackay and the Bergman clusters building the icosahedral structure. A change in the chemical decoration of these sites can lead to a complete disappearance of magnetism in i-Al--Pd--Mn. Total energy calculations show that the models with a chemical ordering disfavoring moment formation on Mn atoms are also lowest in energy.
Structural model of icosahedral quasicrystals
The magnetic properties of i-Al--Pd--Mn quasicrystals are not yet fully understood [1] . In the present article we investigate the mechanisms determining the formation of magnetic moments on special Mn-sites in i-Al--Pd--Mn. Our studies are based on ab-initio density-functional-theory (DFT) methods in the generalized gradient approximation as implemented in the program package VASP [2] . Our structural model of i-Al--Pd--Mn is the Katz-GratiasBoudard (KGB) model [3, 4] , defined on a six-dimensional (6D) cubic lattice. The nodes of the hypercubic lattice are decorated by three different triacontahedral occupation domains [4] . The shell structure of the occupation domains defines the chemical ordering which has a significant influence on the electronic [5] and magnetic properties of the quasicrystal. Our studies of the magnetic properties of i-Al--Pd--Mn were performed on a 2/1-approximant to the quasicrystal. The cubic unit cell of this approximant contains 544 atoms. We have considered two chemical variants. This allows us to distinguish between different mechanisms contributing to the formation of magnetic moments on the Mn atoms. Variant A is the reference model. Its chemical decoration is determined by the perfectly triacontahedral shape of the shells in the occupation domains. In model B the shape of an inner shell of the occupation domain has been modified in such a way that Mn atoms have no nearest Pd neighbors. Variant B was found to be non-magnetic and more stable, with a lower structural energy.
Atomic packing in the quasicrystalloose Mn environment
In the KGB model the ideal coordinates of the atoms are obtained directly by projection from 6D space. In model A 48 atoms out of 544 are Mn atoms. A spin-polarized DFT calculation of the electronic structure using a gradient-corrected exchange-correlation functional [6] shows that the majority of Mn atoms exhibit significant magnetic moments larger than 0.5m B , up to 2.7m B . Because of the point-group symmetry (P2 1 3 or T 4 ) of all approximants the Mn atoms are grouped into atomic orbits (or Wyckoff positions) with multiplicities 4 or 12. The magnetic moments of all atoms in the same atomic orbit are equal, see The high theoretical values of the magnetic moments contradict experimental observations. Hippert et al. [1] studied the low-temperature dependence of the magnetic susceptibility in several samples of i-Al--Pd--Mn quasicrystals. They concluded that only a few Mn atoms carry a localized magnetic. The percentage x of magnetic Mn atoms depends on the sample composition and ranges from 2.32% for the most magnetic samples down to 0.044% for less magnetic samples. The percentage of magnetic Mn atoms x is derived from the measured value of the Currie constant C which is assumed to be given by C / x C N Mn SðS þ 1Þ where N Mn is the total number of Mn atoms and the spin of the magnetic Mn atoms is S ¼ 5 = 2 , i.e. it was assumed that if a Mn atom carries a magnetic moment, its value is equal to the maximal magnetic moment of 5m B as given by Hund's third rule. The subscript C in x C denotes that this value has been determined under these assumptions.
In the model with ideal coordinates the values of the magnetic moments of the Mn atoms range from 0.2m B to 2.7m B . If one calculates the total magnetization of the sample and uses the same approach as Hippert et al. to estimate the fraction of magnetic Mn atoms, one finds x C ¼ 15.3%. This value substantially exceeds the experimentally determined upper limit. However, the magnetic moments on the Mn atoms depend very sensitively on the local environment and the chemical ordering. We shall show that a slight modification of the model can lead to a reduction of the magnetic moments or even to a complete disappearance of magnetism in the system.
The most important influence on the value of the local magnetic moment is the interaction of the Mn atom with its neighbors. To achieve a correct value of the magnetic moment the distances to nearest neighbors must be determined very accurately. From this point view a much more realistic model of the quasicrystal is produced when the coordinates of all atoms are relaxed to their force-free equilibrium positions, while the symmetry is preserved. Figure 1 presents a comparison of the magnetic moments of Mn atoms in a 2/1-approximant with ideal and with relaxed coordinates, using the Hellmann-Feynman forces from the DFT calculations. The relaxation of the atomic positions leads to a substantial reduction of all Mn moments. Only Mn atoms from two atomic orbits, 34 and 4 carry a substantial magnetic moment, mð34Þ ¼ 1:34m B and mð4Þ ¼ 1:24m B . The estimate of the fraction of magnetic Mn atoms gives for the relaxed model a value of x C ¼ 5:4%, which is still higher by a factor of 2 than the upper limit set by experiment [1] .
The reason for the drastic reduction of the magnetic moments upon relaxation is that the electronic structure of an Mn atom in a loosely packed environment (such as in a model with ideal coordinates) is impurity-like. The Mn-d band is narrow, the Fermi level falls on the peak of the local paramagnetic density of states (DOS) and hence the formation of a large moment is expected according to the Stoner model of band-magnetism. A loosely packed environment of Mn atoms contributes to the formation of magnetic moments.
Loosely packed environments exist in non-crystalline (liquid, amorphous) phases as a consequence of thermal fluctuations -indeed it has been reported that the magnetic susceptibility molten Al--Pd--Mn alloys is higher than in the quasicrystalline phase [7] . In the i-Al--Pd--Mn quasicrystal a loosely packed environment is found around the center of the pseudo-Mackay clusters, where the central Mn atoms has only seven neighbors in its nearestneighbor shell, as confirmed by EXAFS experiments [8] . In addition, the packing around all Mn has a low density, because the ideal coordinates do not reflect the size differences between Mn, Pd and Al atoms. Nearest Al neighbors of Mn atoms are located in the directions of the threefold axes at a distance of 2.57 A or in the directions of the twofold axes at ae distance 2.96 A. Upon relaxation the Al atoms move closer to the small Mn atom. The partial Mn--Al pair-distribution function calculated for the relaxed model has a non-split first peak located at % 2:50 A. The substantial reduction of magnetic moments in the relaxed state compared to the quasicrystal with deal coordinates results from more compact local environments of Mn atoms in the relaxed system. value. The analysis shows that for Mn atoms with two or more Pd atoms in the first neighbor shell the Stoner criterion for moment formation is fulfilled, hence these atom carry large magnetic moments. However, one Pd atom in the first neighbor shell appears to be not sufficient to stabilize a magnetic moment on the Mn atom.
To demonstrate that the Mn--Pd interaction drives the formation of local Mn moments in i-Al--Pd--Mn quasicrystals we have prepared a modified model. In model B we modified an inner shell of the occupation domains in such a way that no Mn atom has a Pd neighbor. The large magnetic moments in a structure with ideal coordinates and their complete disappearance in the relaxed model demonstrate again that loosely packed environments support the formation of magnetic moments, as discussed in Section 2.
3.1 Are Mn--Pd nearest neighbors necessarily present in realistic structural models of i-Al--Pd--Mn?
The atomic structure of i-Al--Pd--Mn can be interpreted in terms of pseudo-Mackay and Bergman clusters [3] . Bergman and pseudo-Mackay clusters are linked along fivefold or threefold axes. When they are connected along the fivefold direction they share a pentagonal facet.
As the chemical decoration of the facet required by the building principles of the Bergman cluster or the pseudoMackay cluster is the same, there is no conflict between the clusters. When Bergman and pseudo-Mackay clusters are linked along a three-fold axis they significantly intersect [3] . An outer part of the Bergman cluster is shared with the pseudo-Mackay cluster and vice versa. The overlap of the clusters leads to a conflict between the chemical decorations required by their building principles. Our previous analysis has demonstrated that the chemical decoration of these sites is decisive for the appearance of magnetic moments in the i-Al--Pd--Mn quasicrystal. Figure 4 shows the intersection of a pseudo-Mackay and a Bergman cluster, seen along a fivefold axis. The atoms in the figure belong to three different planes. In the top plane the atoms of the pseudo-Mackay cluster form a decagonal ring occupied by Al atoms. These atoms belong to the outer shell of the pseudo-Mackay cluster forming a icosidodecahedron. The Mn atom in the center of the decagonal ring is the center of pseudo-Mackay cluster. The center of the Bergman cluster is occupied by a Pd atom located in a layer 1. should be occupied by an Al atom, from the side of the Bergman cluster a Pd atom is required. Which building principle prevails remains a subject of debates. From the point of view of the structural analysis Gratias et al. [3] argued that that the Bergman clusters are the dominant element of the structure of the i-Al--Pd--Mn quasicrystal. The KGB model with triacontahedral inner shells of the occupation domains (the model A) predicts a Pd atom in this site. Gratias et al. [3] have shown that along the three-fold directions a pseudo-Mackay cluster can be simultaneously linked with 0 to 3 different Bergman clusters. The majority of 76.39% of the pseudoMackay clusters are linked along the three-fold directions with two Bergman clusters [3] . Thus the central Mn atom of the pseudo-Mackay cluster has in most cases two Pd neighbors. In the previous sections we have demonstrated that a Mn atom with two Pd nearest neighbors forms a magnetic moment. On the other hand the occupation of these conflicting sites by Pd atoms is energetically not favored. Although the formation of magnetic moments on the Mn atoms leads to a decrease of the total energy compared to the paramagnetic state, the repulsive interaction between Mn and Pd atoms overbalances this contribution. Model B where the conflicting sites are occupied by Al atoms is lower in energy by 50.8 meV/atom than model A. The magnetic polarization in model A can be expressed in terms of the fraction of x C ¼ 5:4% of magnetic Mn atoms carrying the maximal magnetic moment of 5m B . Model B is essentially non-magnetic, x C ¼ 0:006%. Hippert et al. [1] report for i-Al--Pd--Mn samples of various compositions a fraction of magnetic Mn atom varying from 0.044% to 2.32%. A properly chosen mixed Al/Pd occupancy in the conflicting sites can thus provide an agreement with the experiment for any measured sample.
Conclusion
If the Mn atoms in an i-Al--Pd--Mn quasicrystal have no Pd nearest neighbors, the quasicrystal is essentially nonmagnetic and has the lowest total energy. A Mn atom in the center of a pseudo-Mackay cluster becomes magnetic if the sites where the pseudo-Mackay and Bergman clusters intersect along the three-fold axis are occupied by Pd, leading to two or three Pd neighbors around the Mn atom. The sensitivity of the magnetic properties of the quasicrystal with respect to its content of Mn and Pd atoms, as observed by Hippert et al. [1] , indicates that the origin of magnetism is indeed the Mn--Pd interaction as described above. A further mechanism supporting the formation of magnetic moments is a loosely packed environment of the Mn atoms, but this plays obviously only a minor role.
